Abstract | while bidirectional brain-gut interactions are well known mechanisms for the regulation of gut function in both healthy and diseased states, a role of the enteric flora-including both commensal and pathogenic organisms-in these interactions has only been recognized in the past few years. The brain can influence commensal organisms (enteric microbiota) indirectly, via changes in gastrointestinal motility and secretion, and intestinal permeability, or directly, via signaling molecules released into the gut lumen from cells in the lamina propria (enterochromaffin cells, neurons, immune cells). Communication from enteric microbiota to the host can occur via multiple mechanisms, including epithelial-cell, receptor-mediated signaling and, when intestinal permeability is increased, through direct stimulation of host cells in the lamina propria. enterochromaffin cells are important bidirectional transducers that regulate communication between the gut lumen and the nervous system. vagal, afferent innervation of enterochromaffin cells provides a direct pathway for enterochromaffin-cell signaling to neuronal circuits, which may have an important role in pain and immune-response modulation, control of background emotions and other homeostatic functions. Disruption of the bidirectional interactions between the enteric microbiota and the nervous system may be involved in the pathophysiology of acute and chronic gastrointestinal disease states, including functional and inflammatory bowel disorders. rhee, s. H. et al. Nat.
Introduction
The role of the central nervous system (CNS) in modula tion of various gut functions, including motility, secre tion, blood flow and gutassociated immune function in response to psychological and physical stressors, is well established by preclinical and clinical evidence 1 . Although different types of psychological stressors, including earlylife stress and sustained stress, have been recognized as risk factors or promoters of events that result in disease exacerba tion in patients with ulcera tive colitis 2 and IBS, 3 the mechanisms that underlie the observed effects are poorly understood. Gut to CNS signaling has been researched extensively; for example, the effect of mucosal inflammation on processes such as spinalpain processing and nociceptive responses has been studied in great detail. 4 Interactions between pathogenic organisms and primary afferent neurons that innervate the gut are characterized as an important aspect of the pathophysiology that underlies Clostridium difficile colitis. 5 However, because of our rudimentary understanding of the role of the enteric microbiota (the commensal bacterial flora physiologically present in the gastrointestinal tract) in normal gut function, and the traditional focus on interactions between pathogenic organisms and gut epithelium, the role of the enteric microbiota in bidirectional gut-brain interactions in health and disease has received little attention until the past 5 years or so.
The human gut harbors 400-1,000 different bacte rial species, 6 which make up an intricate network of cohabiting organisms that is likely to have evolved over millions of years. Approximately 10 11 bacterial cells can be found per gram of colon contents. 7 The enteric microbiota can directly influence gut homeostasis by the regula tion of bowel motility and modulation of intesti nal pain, immune responses, and nutrient processing. [8] [9] [10] Appreciation of the importance of the symbiotic relation ship between enteric microbiota and their host has been growing. 11 The introduction of nonculturebased mol ecular techniques that enable quantitative assessment of the entire enteric microbiota and the encouraging results from clinical trials that evaluate the effects of pro biotics on certain symptoms of functional 12, 13 and inflamma tory 14 gut disorders have further stimulated research interest in this area.
In this Review, we will summarize evidence in support of the existence of bidirectional interactions between the nervous system and commensal, pathogenic and pro biotic organisms. Although evidence is often sparse, confirma tion of a mutual interaction, such as those described here, may revolutionize the way we look at health and disease, and how we explore novel treatments for chronic intestinal disorders.
reviews
Brain to enteric microbiota signaling Different types of psychological stressors modulate the composition and total biomass of the enteric microbiota in both adult 15 and newborn animals. 16 Both pre natal 17 and postnatal stress 16 were associ ated with transient reductions in the levels of the enteric microbiota in rhesus monkeys. In maternal separa tioninduced, postnatal stress, reduction in lacto bacilli was associated with the appearance of stressindicative behaviors, and affected animals were more susceptible than unstressed controls to opportunistic infection. In this case, the shedding of lactobacilli may have been related to the stressinduced acceleration of intestinal transit, since normal bacterial levels were restored 1 week after separation. 16 To conceptualize the effect of CNSmediated processes on bodily functions, including the immune response of the gut, the term 'emotional motor system' was intro duced. 18 The emotional motor system refers to several parallel output systems (including the sympathetic and parasympathetic branches of the autonomic nervous system, the hypothalamus-pituitary-adrenal axis, and endogenous pathways that modulate pain and dis comfort) that mediate the effect of emotional states on a wide range of bodily systems, including gastrointestinal function ( Figure 1 ). 1 The activation of any of these systems, either alone or in combination, might influence enteric microbiota both indirectly, via changes in their environment, and directly, via host-enteric microbiota signaling. Notably, most of the studies that have examined the influence of these systems on enteric microbiota have been performed on luminal bacterial populations from stool samples, whereas the influence of these systems on organisms contained in the biofilm adjacent to the intestinal mucosa are less well documented. In general, bacteria located in the biofilm seem to be less affected by environmental alterations, such as changes in intestinal transit rate and luminal contents, than luminal populations are, but seem to have increased involvement in bidirectional signaling with the host. 19 
CnS-related changes in gut environment
The autonomic nervous system (ANS) mediates communica tion between the CNS and viscera. Both sympathetic and parasympathetic nervous systems, which are part of the ANS, have a prominent role in the modula tion of gut functions, such as motility, secre tion of acid, bicarbonates and mucus, intestinalfluid handling and mucosal immune response (reviewed else where 1 ). Regional and global changes in gastro intestinal transit can have profound effects on the delivery of important nutrients to the enteric microbiota (such as prebiotics, including resistant starches and certain dietary fibers) pH, and on the luminal environment in healthy and diseased states. Impaired intestinal transit caused by compromised, migrating motor complexes (a motor pattern characteristic of the fasting state of the gastrointestinal tract that is under parasympathetic 20 A reduced number of giant, migrat ing contractions in the colon has been reported in slowtransit constipation, 21 while accelerated intestinal transit, with an increased number of giant, migrating contractions, is seen in many diarrheal states, including diarrheapredominant IBS. 22 The ANSmediated modulation of mucus secretion is likely to have important effects on the size and quality of the intestinal mucus layer, an important habitat for the biofilm, where the majority of the enteric micro biota reside. 19 The ANS also affects epithelial mechanisms involved in immune activation of the gut, either directly, through modulation of the response of the gut immune cells (for example, macrophages and mast cells) to luminal bacteria, or indirectly, through alteration of the access of luminal bacteria to gut immuno cytes ( Figure 2 ). For example, several studies have demonstrated that stressful stimuli can enhance the permeability of the intestinal epithelium, which allows bacterial antigens to penetrate the gut epithelium and triggers an immune response in the intestinal mucosa. [23] [24] [25] [26] [27] Stressinduced changes in permeability involve activation of glial and mast cells in the gut, overproduction of interferonγ and changes in the morphology of the colonic epithelium via reduced expression of tight junction protein 2 (zona occludens 2) and by occlusion of important components of the intestinal tight junction. 28 CnS modulation of gut-microbe signaling The signals that travel from gut epithelial cells to luminal microbes and the role they have in host protection have been characterized extensively. For example, secretion of antimicrobial peptides, such as defensins, by Paneth cells has an important role in host defense mechanisms against inflammatory and infectious diseases of the www.nature.com/nrgastro reviews gut. 29 A 2008 study in humans suggests that Panethcell secretion of αdefensin can be enhanced by stress. 30 Several signaling molecules used by the host for neu ronal and neuroendocrine signaling (for example, cate cholamines, serotonin, dynorphin, and cytokines) are also likely to be secreted into the gut lumen by neurons, immune cells and enterochromaffin cells, and the CNS is likely to have an important role in the release of these mol ecules. For example, serotonin secretion into the stomach lumen has been reported in response to an intrathecal injection into the cerebrospinal fluid (central injection) of TRP, an analog of thyrotropinreleasing hormone, which is a central mediator of the stress response to cold temperatures. 31, 32 This secretion is probably mediated by vagal activation of gastric enterochromaffin cells. mast cell products, such as tryptase and histamine, are secreted into the human jejunum in response to stress induced by cold pain, 33 and other mastcell products, such as sero tonin and the corticotropinreleasing hormone, could also be secreted into the gut lumen.
Both norepinephrine and dynorphins are thought to be released into the gut lumen during perturbation of homeostasis. 34 Norepinephrine release in the intestine during surgical trauma induces expression of virulent traits in Pseudomonas aeruginosa, which results in gut derived sepsis. 35 In vitro norepinephrine stimulates the growth of several strains of enteric pathogens (reviewed elsewhere 34 ) and magnifies the virulent proper ties of Campylobacter jejuni. 36 The evidence from these in vitro studies may shed light on the reported associ ation of stressful life events with the duration of gastro enteritis, and with the subsequent development of postinfectious IBS. 37 Bidirectional signaling much like the nervous system, enteric microbiota can also modulate intestinal motility. For example, Bifidobacterium bifidum and Lactobacillus acidophilus are able to promote motility, while Escherichia species can inhibit it. 6 metabolic products of intestinal bacteria, such as shortchain fatty acids or chemotactic peptides (for example, Nformylmethionyl-leucine-phenylalanine) are able to stimulate the enteric nervous system and influence the rate of gut transit. [38] [39] [40] Disruption of the balance that exists between different enteric microbiota populations might, therefore, predispose the host to altered gut motility and secretion, which results in diar rhea or constipation. These changes are, in turn, likely to influence the balance of enteric microbiota.
Similarly to eukaryotes, prokaryotes communicate with each other through hormones and hormonelike compounds. This pattern of mutual bacterial inter action is called quorum sensing. 41 The signaling molecules used for communication by verte brates, inverte brates and microbes share structural similarities. 42, 43 microorganisms can communicate with mamma lian cells via socalled interkingdom signaling, which uses various hormones and hormonelike compounds: peptides and Visceral stimuli perception Emotion EMS Figure 1 | schematic representation of the pattern of bidirectional brain-gutmicrobe interactions. The brain can modulate various functions of the gut, as well as the perception of gut stimuli, via a set of parallel outflow systems that are referred to as the eMs, which include the sympathetic and parasympathetic branches of the ANs, the HPA axis, and endogenous pain-modulation systems. 1 Activation of the eMs can occur via interoceptive and exteroceptive stressors. The enteric microbiota are likely to interact with gut-based effector systems and with visceral afferent pathways, which establish a bidirectional brain-gut-enteric microbiota axis. Abbreviations: ANs, autonomic nervous system; CNs, central nervous system; eMs, emotional motor system; Gi, gastrointestinal; HPA, hypothalamus-pituitary-adrenal. 84 , and the sNs can modulate the activity of MCs by regulating their numbers, prompting release of individual cells from MC clusters (degranulation), and upregulating or downregulating MC activity 85 . MC products, such as CrF, can increase epithelial permeability to bacteria, which facilitates their access to immune cells in the lamina propria. The ANs might also directly modify the behavior of the luminal, commensal flora through the eCCmediated secretion of signaling molecules, such as serotonin, in the intestinal lumen. The sNs can effect changes in the bulk and quality of the intestinal mucus layer, which modifies the environment in which the microbial biofilm thrives. Abbreviations: ANs, autonomic nervous system; CrF, corticotropin-releasing factor; DC, dendric cell; eCC, enterochromaffin cell; MC, mast cell; MΦ, macrophage; sNs, sympathetic nervous system; 5-HT, serotonin. Permission obtained from wiley-Blackwell © iweala, O. i. & Nagler, C. r. immune privilege in the gut: the establishment and maintenance of nonresponsiveness to dietary antigens and commensal flora. Immunol. Rev. 213, 82-100 (2006). reviews monoamines, such as the epidermal growth factor, and insulin and small, diffusible signaling molecules called autoinducers. Although the signaling molecules that originate from the mammalian host are wellknown and characterized, their prokaryotic analogs are not completely understood. Nacyl homo serine lactones are major autoinducers in Gramnegative bacteria, whereas oligopeptides are involved in inter cellular signaling in Grampositive bacteria.
Perhaps the bestcharacterized microbial signaling system is analogous to the eukaryotic, noradrenergic signaling system and involves autoinducer 3-a mol ecule produced by the microbiota and the bacterial QseC receptor. 34, 44 even though neither the molecular structure nor the synthetic pathway of autoinducer 3 are clear, 34, 45 signaling with this molecule has been intensively studied in pathogenic intestinal bacteria, such as entero hemorrhagic Escherichia coli o157:H7. Autoinducer 3 binds to the bacterial membrane receptor QseC, which results in its autophosphorylation. QseC then phospho rylates its response regulator, QseB, to initiate a complex signaling cascade that activates the expression of bacterial genes associated with virulence and motility, including the gene that presides over flagellum development. 34 Bacteria use quorum sensing to regulate their own gene expression, not only in response to signals from other bacteria, but also in response to host signals. In the enteric microbiota, these signaling mechanisms can mediate diverse physiological functions, including secondary metabolite production, bacterial motility, and pathogenicity. 46 The homology of the microbial autoinducer 3-QseC signaling system with the mammalian noradrenergic sig naling system, which causes QseC to be activated also by norepinephrine, allows for inter kingdom signaling with particular relevance for brain-gut interactions during stress (Figure 3) . enterohemorrhagic E. coli can sense luminal norepinephrine or adrenaline to express its viru lence traits. 45 In pigs, psychological stress has been shown to reactivate subacute salmonella infection. 47 That signaling molecules are released by the host into the lumen of the gastrointestinal tract during stress and that receptors and intercellular signaling mechanisms for these same molecules are present on certain luminal microbes 34 strongly suggests that the nervous system can also directly modulate microbial behavior. even though such host to enteric bacteria signaling has only been character ized in detail for pathogenic organisms, and only for some molecules (such as norepinephrine, dynorphins and cytokines), 34 similar mechanisms are likely to apply to molecules such as serotonin, somato statin, cholecysto kinin or corticotropinreleasing hormone. These hormones are contained in and secreted from entero chromaffin cells, nerve endings and immune cells.
Microbe-gut-brain signaling
Signals that originate from luminal microorganisms and influence the gut epithelium have been studied extensively, and involve wellcharacterized mechanisms, such as Tolllike receptor signaling 48, 49 and signaling by bipeptides or tripeptides, such as Nformylmethionylleucyl-phenylalanine. 50 However, as outlined above, luminal microorganisms produce a range of sig naling molecules that can interact with receptors of other microbes, as well as those on host cells. Through these various trans duction mechanisms, enteric microbiota are likely to affect the nervous system via endocrine, immune and neural signaling mechanisms (Figure 4 ). For example, autoinducer 3 can stimulate nor epinephrine receptors on the surface of eukaryotic cells, and α2 receptors are present on the brush border of human enterocytes. 51 Signaling via α2 adrenergic receptors has been suggested as a mechanism by which certain pathogenic bacteria could inhibit intestinal secretion, and thereby compromise the host's ability to expel the pathogen. 34 Similar mechanisms could have a role in the patho physiology of alterations in bowel habits for patients with IBS.
Although the effects of enteric microbiota to host sig naling on various gut functions, including motility, secre tion and immune function, have been studied extensively in healthy and diseased states, the possible effect of such microbial signaling beyond the gastro intestinal tract and on the nervous system has received little attention. microbial signaling molecules could interact directly with afferent nerve terminals in situations where intes tinal permeability is enhanced (for example, during inflammation or stress) or their signal could be relayed to neurons within the intestinal wall by 'transducer cells' reviews in the epithelium. one cell type that is uniquely qualified as a transducer for signals that arise in the gut lumen to afferent nerve terminals is the enterochromaffin cell ( Figure 5 ).
Enterochromaffin cells as signal transducers enterochromaffin cells are distributed throughout the intestinal tract, 52 and, like intestinal epithelial cells, those located in the intestinal mucosa are accessible to the enteric microbiota on the intestinal lumen side, and are in contact with afferent and efferent nerve termi nals located on the lamina propria. This location makes enterochromaffin cells uniquely suitable to function as bidirectional transducers of information between the intestinal lumen and the nervous system. enterochromaffin cells secrete serotonin and signaling peptides (for example, corticotropinreleasing hormone, cholecystokinin and somatostatin) in response to various physiological and pathological luminal stimuli, 53-55 such as microbial factors or bacterial toxins, [56] [57] [58] as well as central stimuli (see discussion above). 31, 32 In addition to the probable release of these products into the intes tinal lumen, signaling molecules generated by entero chromaffin cells can interact in a paracrine fashion with intrinsic and extrinsic primary, afferent nerve terminals that lie in close proximity to these cells. The role of serotonin release in the stimulation of enteric reflexes has been studied extensively and was reviewed in 2007. 54 enterochromaffin cells also express a wide variety of receptors, including serotonin receptors, the pituitary adenylatecyclaseactivating peptide receptor, the αadrenergic receptor, the βadrenergic receptor, the cholinergic receptor, the corticotropinreleasing hormone receptor and the γaminobutyric acid recep tor. 59 Although this possi bility has not been studied in detail, if adrenergic receptors were also expressed on the brush border of epithelial cells, signaling molecules secreted by bacteria would have a wide range of available targets through which to influence serotonin release. one study showed that the murine entero chromaffin cell line, STC1, expresses various Tolllike receptors that recognize microbial factors and thus mediate host-microbe signaling. 60 The cholera toxin, a secretory enterotoxin from Vibrio cholerae, is known to trigger intestinalfluid secre tion by binding to the Gm1 ganglioside on the surface of enterochromaffin cells. This interaction results in serotonin mediated activation of secretomotor reflexes. 61 Interestingly, olfactory and taste receptors are expressed in enterochromaffin cells, and odorants present in the luminal environment (probably produced by the enteric microbiota) are also able to effect serotonin release by these cells. 53 Presence in the gastrointestinal tract of pathogenic bacteria, including E. coli, V. cholerae, or Salmonella typhi murium, has been associated with an increased secretion of serotonin into the lamina propria. 62 As a consequence, serotonin receptors on enterocytes and on intrinsic and extrinsic, primary nerve endings are activated in a paracrine fashion. 63, 64 Activation of intrin sic afferents results in neural reflexes that enhance the release of chloride ions and water into the intestinal lumen. 65 This increase in luminal fluid in turn stimulates bowel motility, which ultimately helps remove intestinal contents, including pathogenic bacteria. Thus, whereas the bacterial adrenergic agonist autoinducer 3 may mediate inhibition of intestinal fluid secretion-and thus delay transit rate-by binding to α2 receptors on epi thelial cells, other microbial factors may stimulate sero tonin release by enterochromaffin cells to enhance fluid secretion, and thus accelerate transit rate. A mechanism of this type might explain the reported upregulation of mucosal serotonin in a mouse model of postinfectious bowel dysfunction. 66 Inflammationinduced upregula tion of serotonin sig naling persists after the inflamma tion has receded, and, in this post inflammatory, upregulated state, microbe to entero chromaffin cell signaling may result in persistent symptoms of bowel dysfunction in human, post infectious IBS.
Vagal transmission of luminal signals
Information about the state of the luminal environment (for example, hyperosmolarity, carbohydrate levels, mechanical distortion of the mucosa, presence of cyto static drugs and bacterial products) is transmitted to the CNS by the vagus nerve. Nerve terminals of vagal affer ents are located in close proximity to enterochromaffin cells, and these terminals express the serotoninspecific receptor 5HT 3 R. 67 As afferent nerves are not exposed to the luminal side of the intestine, under normal circum stances sensory neurons are indirectly activated by stimuli in the intestinal lumen via paracrine signal ing, which is mediated by compounds such as serotonin, cholecystokinin, histamine, secretin, somatostatin, mela tonin, uroguanylin, and corticotrophinreleasing factor, all of which can be released from neuroendocrine cells in the mucosa. 68, 69 enterochromaffincell signaling to vagal affer ents potentially provides a direct pathway that con nects chemical stimuli in the intestinal lumen with the supraspinal networks involved in reflexes, such as vomiting. 70 However, despite the clear demonstration that activation of the vagus nerve by immuneresponse mediators has a role in modulation of emotions, 71 the possible role of enterochromaffin cell to vagus nerve sig naling in the modulation of brain function has received little attention.
Enteric microbiota and homeostatic functions
The profound effect of acute gastroenteritis and the fairly subtle effect of chronic gut inflammation on the mood and cognitive ability of affected patients are well known. The influence on the brain of stimuli such as cyto kines and vagal signaling has been well characterized in animal models of inflammation, and the constellation of psychological symptoms associated with inflamma tion (fatigue, social withdrawal and loss of appetite) has been labeled the sickness behavior syndrome. 72 However, little is known about the possible role of direct signaling by luminal microorganisms to the brain in healthy and diseased states. As discussed earlier, in the presence of increased intestinal permeability (caused, for instance, by stress or gut inflammation), access of various bac terial products and inflammatory mediators to nerve endings in the mucosa would be a plausible mech anism for microbe to brain communication. However, in healthy organisms, signaling via epithelial trans ducer cells, such as enterochromaffin cells, may be the predominant mechanism.
A possible role for gut infection in triggering brain responses, such as anxious behavior and mood changes, in the absence of overt gut inflammation or elevation of plasma cytokines has been described in mice. 73 evidence of activation of the afferent vagal system was reported, which suggests a possible vagusmediated microbe to brain signaling pathway. The celiac branch of the vagus nerve innervates the small intestine, and a prominent role of afferents of this branch in the modulation of experimental kneejoint inflammation and pain sensi tivity has been reported. 74 early evidence for a role of the enteric microbiota in the development of inflamma tory somatic hyperalgesia has recently been reported. 75 Inflammationassociated hyper algesia induced by a variety of stimuli, including administra tion of pro inflammatory cytokines, was less intense in germfree mice than in conventional mice. 76 The relative reduc tion in hyperalgesia in germfree mice compared with conventional mice was associated with increased expression of the antiinflammatory cytokine inter leukin 10, and the pain reduction was reversed by the administration of an antiinterleukin 10 antibody.
In addition to a possible influence of the gut micro biota on CNS functions, such as pain sensitivity, mood and affect in the adult organism, evidence for a role of intestinal microbes in the development of the hypo thalamus-pituitary-adrenal axis has been observed in newborn mice. 76 Clinical impact of bidirectional signaling much of our knowledge of bidirectional signaling between the nervous system and luminal micro organisms derives from studies of pathogenic organisms. However, a growing body of evidence suggests that such signaling may also take place between the nervous system and the (nonpathogenic) commensal enteric microbiota, including probiotic bacteria. evidence for such mutual interaction has been demonstrated in gut inflamma tion, 14 visceral pain, 77 certain symptoms of IBS, 12 and in obesity. 78 A departure from the physiological balance of the enteric microbiota has been suggested as a factor in the pathophysiology of IBS, a condition in which abnormal gastrointestinal motility and secretion is implicated as a cause of alterations in bowel habits. 79 Anecdotal evidence reviews and limited evidence from controlled clinical trials on IBS report improvements of certain symptoms follow ing intestinal cleansing, antibiotic therapy, or administra tion of probiotic bacteria. 12, 80 This evidence suggests a possible role for commensal enteric microbiota in the etiology of IBS in some patients. IBS symptoms related to an imbalance in enteric microbiota could arise from alterations in gasinduced gut distention and the modula tion of gastrointestinal motility and secretion. Possible mechanisms underlying such changes include effects secondary to the production of gas and shortchain fatty acids by enteric microbiota, and direct enteric microbiota to host signaling. Considerable evidence is required to prove that alterations in the enteric microbiota physio logical balance have a causative role in the onset of IBS symptoms and to explain the beneficial effect of probiotic bacteria on symptoms like bloating, excessive gas and abdominal distention. Bidirectional microbe-to-brain signaling and alterations to it during chronic psycho logical stress may have an important role in the develop ment of certain symptoms, particularly altered bowel habits and bloating.
In postinfectious IBS, major psychological stress around the time of gastroenteritis, trait anxiety, as well as extended duration of the infection, have been identi fied as risk factors for the persistence of symptoms. 81 As dis cussed above, stressinduced increases in norepi nephrine levels in the lumen of the gut may result in increased virulence of certain pathogenic organisms, including Campylobacter jejuni, 36 Salmonella 82 and E. coli, 34 which result in a prolongation of the symptoms of enteritis. Inflammationinduced upregulation of the mucosal sero tonin signaling system would be expected to enhance the ability of the enteric microbiota to modulate gut motility through activation of peristaltic and secreto motor reflexes. In addition, stressinduced shedding of lactobacilli, similar to that observed in animal models of stress, 16 may compromise gut homeostasis. Notably, despite the intriguing possibility of adverse clinical consequences of longterm functional disrup tion in the brain-gut-microbe axis, the gastro intestinal system is surprisingly resilient to transient changes in enteric microbiota induced by antibiotic treatment, colonic lavage, or, possibly, by spikes in psychological stress. one way to explain this resilience would be to con sider the epitheliumassociated biofilm as a permanent bacterial reservoir whose presence allows prompt recon stitution of the physiological microbiota profile in the gut lumen following a decline in luminal microbiota.
Potential therapeutic implications
evidence suggests that modification of the enteric micro biota by administration of antibiotics, probiotic bacteria or prebiotic substances (for example, certain fibers or lactulose) are beneficial in the treatment of IBD 14 and improve some symptoms of IBS. 12 Clinical evidence suggests that responses to such treatments vary greatly between patients, on the basis of sex, predominant symptoms, and bowel habits. our understanding of IBS pathophysiology is incomplete, and although the complexity of the network of interactions within the enteric microbiota and between it and the nervous system is now emerging, a few studies have provided evidence for biological mechanisms that may explain the improvements in IBS symptoms associated with the administration of probiotic bacteria. For example, in a placebocontrolled, randomized study in patients with IBS and constipation, Agrawal et al. demonstrated that a 4week intake of a preparation that contained Bifidobacterium lactis was associated with a significant reduction in abdominal distention (measured by abdom inal inductance plethysmography). 13 This reduction in abdominal girth was associ ated with an acceleration of orocecal as well as colonic transit and with an overall improvement in symptoms. In another randomized, con trolled trial in patients with IBS and diverse bowel habits, o'mahony et al. showed that intake of Bifidobacterium infantis over 8 weeks was associated with symptom atic improvement as well as with normalization of the interleukin 10:interleukin 12 ratio in plasma. 83 
Conclusions
Strong preclinical evidence suggests that the enteric microbiota has an important role in bidirectional inter actions between the gut and the nervous system in health and in various disease models. multiple mechanisms for bidirectional interaction between pathogenic bacteria and the gut-nervous system axis have been reported. Although early results suggest that alterations might occur in the physiological balance of the enteric micro biota in patients with IBS, considerably more data than these are needed to establish a causative role for such changes in IBS symptoms. once such a role is estab lished, mechanistic studies (for example, on the effect of stress mediators on enteric microbiota) will be needed to determine whether altered interactions between the enteric microbiota and the nervous system have a role in the onset of symptoms in IBS and in symptom flares in patients with IBD.
Results from a small number of welldesigned, random ized, controlled, clinical trials suggest that, not only does regular intake of certain probiotic bacterias help to treat the symptoms of IBS, such as bloating, visible abdominal distention, and altered bowel habits, 80 but such intake is associated with changes in bio logical parameters, such as the rate of intestinal transit, abdominal girth 13 and plasma levels of systemic stress mediators, 83 which probably modulate the activity of the nervous system.
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